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Current amplification of heavy-ion beams is an integral feature of the induction linac approach to
heavy-ion fusion(HIF). In this paper we report on amplification experiments conducted on a single
beam of the Multiple Beam ExperimefMBE-4), a heavy-ior(Cs") induction linac. Earlier MBE-4
experiments[H. Meuth et al, Nucl. Instrum. Methods Phys. Res. 278 153 (1989] had
demonstrated up-to>9 current amplification but had been accompanied by an up<tdr2rease of
normalized transverse emittance. Experiments to pinpoint the causes of this emittance growth
indicated various factors were responsible, including focusing aberrations and mismatch difficulties
between the injector diode and the accelerator transport lattice, a localized quadrupole misalignment
problem, and the interaction of transversely large beams with the nonlinear elements of the focusing
lattice. Following ameliorative measures, new current amplification experiments, both with and
without acceleration, showed that current amplifications of up %o &hd line charge density
increases of up te=2X could be achieved without increasing the beam’s normalized transverse
emittance. Finally, both the transverse beam dynamics, and beam current and energy measurements
were accurately modeled by numerical particle-in-cell simulations and longitudinal dynamics codes,
respectively. ©1997 American Institute of Physids$1070-664X97)01003-3

I. INTRODUCTION compression must also be applied to the beam pulse in order

to bring the pulse duration down to the 10 ns necessary for
The Multiple Beam Experiment(MBE-4) at the fusjon target ignition to occur.

Lawrence Berkeley National LaboratotyBNL) was con- In this paper we report on transverse emittance measure-

structed to investigate beam dynamics issues relevant to thents in the MBE-4 accelerator, an experimental heavy-ion

low-energy, electrostatically focused section of a heavy-ior‘(CS+) induction linac. A major aim of the MBE-4 experi-

inducti(_)n linac driver for Inertial Fusion EnerdgyFE). In the ‘mental program was to demonstrate the principle of con-

heavy-ion approach to IFE, the value of the transverse emilzqieq, stable current amplification in heavy-ion induction

tance is of critical importance in focusing the beam on th§j, .5 Because the Gson beam velocities are nonrelativ-

fusion target pellet. The requirement on the normalized emitistic (v,~0.001% at 200 keV energy it is possible to com-

. . Z .
tanqe at the final chgs as compa_lred to that practicall ress the temporal pulse width by differentially accelerating
achievable from the injector determines a safety factor fo he tail of the beam with respect to the head, thus increasing

any part|culiar driver scenario. Although 'the normal!zed}he beam current. The differential acceleration leads to an
emittance will be conserved for a beam subject only to idea T . . T
nergy “tilt” (at a given observation point ) between the

optics and harmonic space-charge forces, one must anticipaﬁ%ad and tail of the beam. Early experimaAtgirca 1985—

some emittance growth from aberrations, nonlinear space- : e
charge effects, alignment errors, transport mismaitch, etjl.988 on MBE-4 resulted in up to @ current amplification

While such phenomena are possible in all accelerator fom the injection value of 10 mA while the average beam

heavy-ion IFE drivers are special in that they require énergy was increased from 200 to 900 keV. Although these
smooth and controlled temporal compression of the bea?]rP

ngitudinal dynamics studies successfully demonstrated cur-
pulse from an~=10 us duration at the injector to as100 ns rent amplif?cation, there was an accompanying increase in
duration at the accelerator exit. In general, this compressioff!¢ normalized transverse emittance by as much as 75% to
and the corresponding current amplification will also involve100%. This was in contrast to the results of drifting beam

a smaller but not insignificant increase in the line charge?XPeriments, where the normalized emittance appeared to re-
density,\. The magnitude of the increase, if any, of normal-Main constant. In an attempt to understand this unexpected
ized transverse emittance during this compression is of cri@nd undesirable emittance growth, we shifted the focus of
cial importance. Between the main accelerator and the find/IBE-4 experiments during the 1989-1991 time period to

focus section, an additionat10x “drift” (i.e., ballistig ~ transverse beam dynamics studies.
These new studies may be subdivided into two distinct

SElectronic mail: fawley@Ibl.gov areas. The first was essentially an investigation into the

PPresent address: Laboratoire de I'Algrateur Linaire, Baiment 200, Cfiusés) of emitt_ance gl’(_)Wth (_jurin_g the 1985-1988 Iongi_tu-
IN2P3-CNRS, Orsay 91405, France. dinal compression studies with high currents. As explained
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FIG. 1. Schematic of the MBE-4 accelerator.

in detail in Sec. lll, focusing aberrations in the injector diodeschematically in Fig. 1; Ref. 3 contains additional informa-
optics, mismatches in the matching section, and an apparetibn and figures regarding the overall MBE-4 accelerator.
gross misalignment in accelerator sectionsgée Fig. 1 of

the Iinag all played a role. Once these causes were eliminqt%i_ Thermionic sources

or alleviated, we conducted a second set of compression o o

studies with higher quality beams. We foufske Sec. IY The four Cs beams thermionically originate from
that transverse emittance growth should be acceptably Smé}'um:‘no-snlcate layers coated on 19 mm radii molybdenum
for reasonably moderate compression schedules, both wiﬂﬁ”ps-oThe sources operate at a nominal temperature of
and without acceleration. As we discuss in our concludingt000 °C and have extremely good pulse-to-pulse repeatabil-
section(Sec. Vj, these results scale well to an actual heavy-y- From a series of pinhole pyrometry measurements made
ion IFE driver, where the relative compression schedules willn 1990, the surface temperatut@sd presumably the emis-
be far more gentle than those attempted in MBE-4. FirstSion also appeared uniform to withirt5%. Typical source

however, we describe in Sec. Il important details concerning€times are approximately two months before performance
the actual accelerator system. degrades due to a gradual mechanical delamination of the

alumino-silicate layers. The extracted current from each
source, 15.9 mA for a diode voltage of 180 kV, is space-
Il. MBE-4 CHARACTERISTICS charge limited for diode voltages in the 100—200 kV range
A. General description and is in excellent agreement with predictions by Hen
o _code. Our best normalized emittance measurenieatsSec.
The MBE-4 injector produces four parallel beams of sin-j; o) downstream of the diode correspond to a calculated
gly charged Cs ions, which are then accelerated across &yeam transverse energy of 0.2 eV, reasonably consistent with

single diode gap to a nominal energy of 200 keV, the diodgne measured surface temperature of 1000=0.11 eVj.
voltage being provided by a Marx generator with an induc-

tively coupled pulse-flattening circuit. For reasons of sim- . . .

plicity, we performed the experiments discussed in this pape(l;' Diode and matching section

with only one source and beam of MBE-4. The relatively =~ The source cups are mounted on a Pierce-shaped, graph-
low, nonrelativistic perveance$Q=N\/4me,V<2X10 ) ite anode plate that is electrically connected to an up-to-
and large separations between the individual beams impl250-kV Marx generator. A timed crowbar switch sets the
that the interbeam forces are insignificant. Marx pulse duration to 2.4s. The pulse rise timé0.25 us)

After crossing the diode gap, the beams enter a matchingnd shape are adjusted by adding correction pulsers to mini-
section that adjusts the beam envelope to provide a transnize voltage transients and to maintain a constant beam en-
verse phase-space distribution for transfer into the inductioergy (AV/V<0.2%.
linac. From this point, the beams are transported through The beams, focused along the anode—cathode gap of 133
individual electrostatic, alternating gradient focusing chanimm, then freely pass through four holes in the grounded
nels while being accelerated across 24 common inductionathode plate into the MBE-4 matching section. There are no
gaps. The linac contains six sectioftenoted “A"-"F" ), additional electrodes, grids, or other optics in the diode itself.
each comprising five lattice periodsP), each of which has The 1.83 m long matching section consists of four quadru-
one long drift and one short drift space. In the first fourpole doublets, each element being independently powered.
periods of each section, the large drift space contains adust beyond the first set of quadrupoles is a beam scraper
acceleration gap. In the fifth period, this space is used foplate with elliptical holes whose purpose is to reduce the
diagnostics and vacuum pumping. An energy analyzer anbeam current to 10 mAthis scraper effectively became su-
beam dump terminate section F. The accelerator is showperfluous when another, more limiting scraper was installed
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beam accelerates as it enters a quadrupole and decelerates as
it leaves. In addition to the dominant quadrupole focusing
component, there is also a significant and intentional dode-
capole component. Its rationale stems from earlier wWork,
which indicated that a dodecapole of the right sign and mag-
nitude could alleviate emittance growth arising from nonlin-
ear image charge forces in off-center, space-charge domi-
nated beams. The dodecapole magnitude is a function of the
ratio of the quadrupole rod diameter to the clear aperture
between the rods. A “magic” ratio of 1.1437 makes the
dodecapole component disappear nearly exHdtiythe two-
dimensional2-D) limit; earlier work'? gave a somewhat less
accurate result of 1.148. Reference 13 gives a detailed three-
dimensional(3-D) multipole decomposition of the electro-
static fields(in the absence of beam space chargithin the
MBE-4 quadrupole assembly.

Each unit cell(accelerating gap plus quadrupole focus-
ing doublej is 0.457 m long, resulting in an overall linac
length of 13.7 m for the 30-period lattice. The quadrupole
doublets in each accelerator section were initigllp85—
1986 positioned to transverse accuracies of @® (rms).
Later measurements in June 1990 showed that, due to under-
lying concrete slab movement, individual sections had be-

FIG. 2. Picture of an actual MBE-4 electrostatic quadrupole assembly. COMe misaligned by as much as 5@@n. Following me-
chanical realignment, measurements conducted both before
and after the set of experiments discussed in this paper indi-

in late 1989 just beyond the diode, as described in SeGated that the quadrupole transverse alignments remained ac-
lIIA). Steering electrode arrays immediately followed bycurate to~150 um rms.

emittance diagnostics at the beginning and end of this section

permit transverse beam alignment and phase space monitor-

ing. Reference 7 gives additional details concerning the overg pjiagnostics and data reduction

all injector.

We used a standard Faraday cup with a 20 mm entrance
radius to determine the time-dependent total current. Trans-
verse emittance measurements were made using the familiar
double-slit techniqu¥ with a multishot scanning procedure

The actual linac consists of 24 accelerating gaps, eactb determine the time-dependent signal strength as a function
capable of producing up to 60 kV. The core assemblies inpf the transverséx,x’) phase space position, the charge be-
clude Ni—Fe cores recycled from the ASTRON accelefatoring collected in a Faraday cup behind the downstream slit.
and additional, newly purchased Si—Fe cores. The MBE-4easurements were made in each transverse plane with typi-
acceleration pulsers provide special ramped voltage wavezally 400 shots required for one complete emittance scan.
forms to achieve the wanted differential acceleration alongye recorded the collected charge ma@9p—50 times dur-
the beam current pulse. These waveforms also compensaigy each shot with a=150 ns temporal resolution. In addi-
for the “erosion” of the ends of the beam bunch caused bytion to transverse emittance, the collected data yield other
longitudinal space-charge forces, which required voltagegime-resolved quantities of interest such as beam size, cen-
from several pulsers to be superimposed at some gaps. foid position, and current profile integrated along the direc-
more complete discussion of the longitudinal dynamics andjon of the slits.
the determination of the acceleration “scheduldsg., dif- We defined the normalized “edge” emittance,
ferent timings and amplitudes of the pulser wavefgrcen e, =4yBems, Where
be found in the Appendix and elsewhére®® 5 ) p a - , s

Each quadrupole assemhtfsee Fig. 2includes nine cy- €ms= ((X°) = O (X" %) = (X)) = ((xx") = (x}(x"))*.
lindrical electrode rods of 40.2 mm diameter and 107.4 mm @)
length cantilevered from flat aperture plates, themselves suifhe factor of 4 is exact for a Kapchinskij—Vladimirskij
rounded by a conducting enclosure. The quadrupoles are afkK—V)!® phase space distribution. During operation of the
ranged in a syncopatdie., FOD9 lattice, where the “O”  acceleration pulsers, we noticed that the Faraday cup signals
and “o” drift spaces are 178.3 and 64.1 mm long, respecwere contaminated with electrical noise. In order to mini-
tively. The clear aperture between quadrupole rods is 54 mmmize such noise contributiorfespecially at the outer edge of
The focusing plane electrodes are held at ground potentidhe phase space plots where the beam signal is Jeak
while the defocusing plane electrodes are set typically aignored data from phase space positions where the signal is
voltages of~—20 kV. This particular choice implies that the below a cutoff levelS,;,. Typically, we setS,,;, to a level

D. Induction linac cells and electrostatic focusing
lattice
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that included=90% or more of the total current. Hence, the o——— e .
averaging signified by the angle brackets of expresgipis
defined by
20
(f(t))= Z f(Xi X[ S (XX} ) E S*(xi, X 1), !
2

whereS* (x;,x; ,t) = ma{0,S(x; X ,t) — Syin]- While this
treatment alleviates the noise problem, it can also artificially
mask the presence of a low-intensity beam halo. I

Two separate electrostatic analyzers determined the -20
time-resolved energy distribution of the beam. The first ana-
lyzer is relatively large and can be positioned only at the end
of the accelerator. Designed employing the analysis of .40“, w e )
Banford?® it consists of two collimating 10@m wide slits, -10 -5 0 5 10
450 mm apart upstream of electrostatic deflecting plates and Y (mm)
a wire detector. The deflecting plates are electrodes bent into
coaxial cylindrical radii of 445 and 470 mm whose objectFIG. 3. Transverse phase space measurements of a 10 mA beam at the
and image planes are 152 mm in front and back of the plategntrance to the matching zone showing the development of “spiral arms”
The praciical energy resolutiadetermined by the wire di- %, 281IEn eusna oee 1 e nlcier, oo comous v o
ametey is better than 0.2% while the time response~i$0  poxes represent predictions from taeun code.
ns. A typical energy scan requiredl100 individual shots.

We also employed a second, much smaller energy ana-
lyzer that could fit in the diagnostic ports between acceleramost rays of the beam led to enhanced current density at the
tor sections. This compact analyzer includes two coaxiabeam edge and hollowing on ax{Eig. 4. Measurements
electrodes of 100 mm mean radius and 5 mm separatioriarther downstream in the acceleratéiig. 5 showed sig-
Here 100 um slits were placed in the object and image nificant emittance oscillations in both transverse planes fol-
planes, themselves 48 mm in front and back of the eleclowed by damping. These we attribute to conversion of non-
trodes. The analyzer is capable of measuring beam energiéisear space-charge field energy to thermal energy via phase-
of up to 350 kV, limited by electrical breakdown in the di- mixed damping’~*°
pole gap, with a resolution of 0.2%, determined by the slit ~ To obtain a higher quality beam, we placed a circular
width. The great majority of the energy analyzer data pre-aperture ring(“‘scraper”) just beyond the cathode plate to
sented in Sec. IV originated from this second analyzer, foreduce the beam current 465 mA. Initially, we installed the
which absolute energy calibration was done through a serieaperture at the cathode plate but measurements suggested
of drifting beam, time-of-flight measurements. Similar mea-problems with secondary electron emission. To recapture
surements were not done for the larger analyzer, which prehose electrons, we biased the aperture to a positive 4.5 kV
vents an absolute comparison at LP30 between experimeand recessed it 20 mm from the diode exit. After a series of
and theory. experimental tests with different sized apertures, together
with confirmatoryEGUN calculations to optimize phase space
and current density profiles, we settled upon an 11 mm diam.
This particular choice passed 4.5 mA of the initial diode

Y-prime (mrad)
o

I1l. INVESTIGATION OF EMITTANCE GROWTH
A. Diode aberrations

As mentioned in the Introduction, early current amplifi-
cation experiments with MBE-4 showed significgit75—
2X) normalized transverse emittance growth. These experi-g
ments concentrated on demonstrating the simultaneous
acceleration and longitudinal control of the four individual
ion beams. The beam currents were relatively high, 10 mA, g
and we began to suspect that diode aberrations and bearﬁ; 4
mismatches in the transport line underlay some or all of the'a @ I
unwanted degradation. Detailed emittance and current profile§ |
measurements were made in early 1989 at the entrance mtcE 2
the matching section. As displayed in Fig. 3, the transverse.. r
phase-space profile had the characteristic “S” shape indica- 3 1
tive of the presence of aberrations in the diode optics. Figure 0 - . !
3 also include€GUN predictions for a zero-emittance beam. -10 5 R (gm) 5 10
Approximately half of the measured normalized emittance,

0.08 mm mrad, was Contri_bUted by the “;piral arms” be- ki, 4. pinhole current density measurements made at the matching section
yond the core “bar.” The diode’s overfocusing of the outer- entrance for the 10 mA beam of Fig. 3.
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FIG. 5. Downstream normalized emittance measurements of the drifting 10 -10 -5 0 5 10
mA beam shown in Figs. 3 and 4. LPO corresponds to the beginning of Y (mm)
accelerator section A; the two negative positions lie within the matching
section.

FIG. 7. Phase space measurements for the scraped 4.5 mA beam at the
entrance into the matching section, together with corresporeting code

. predictions. The contours levels enclose 97.5%, 95%, 90%, 70%, 50% and
current. Beam current density measureméhig. 6) at the  300¢ of the beam current.

entrance into the matching section showed a much flatter
profile and essentially no hollowing on axis. The measured
transverse emittanceFig. 7) decreased from 0.08 to 0.03 Fig g Although this behavior is contrary to the earlier

mm mrad, 1.4 times the theoretical minimum for a 1000 °Cfingingd with the drifting 10 mA beanFig. 5), the higher
source temperature, thus resulting in a beam bright®@s  prightness of the lower current beam makes emittance

greater than was true for the earlier, 10 mA beam. The apgrowth far more obvious. The beam centroid also exhibited
erture provides an additional benefit of reducing the Maxiaxcursions of as much as 5 mm from the axis. Extensive
mum beam envelope from 14 to 10 mm downstream withinefforts were then made to improve further the beam match-
the accelerator. Consequently, beam particles are less likef\iq from the injector and beam steering at the injection point
to experience strong nonlinear field components in the eleg;y minimizing positional and angular offsets. We then found
trostatic focusing lattice. that while the exact details of the emittance variation vith
(of which Fig. 8 is a typical examplewould depend upon
items such as matching conditions or quadrupole voltages,
emittance oscillations of up ta30% would always appear
Following installation of the aperture ring, we examined from one diagnostic location to another. For a rigidly fixed
the transport characteristics of a 4.5 mA beam mere|y dr|ftJn|t|a| Condition, however, we established that the measured
ing through the linac with the quadrupole focusing set tobeam emittance at a given station was highly reproducible
produce a zero-current phase advan-ge)f 72° per full lat- with less than 5% variation. We concluded that the different
tice period. Disturbingly, the emittance showed a general€mittances measured on different occasions arose from
but not monotonic, increase with longitudinal positisee  changes in initial conditions, not from lack of measurement
or machine repeatability.

B. Emittance growth in 4.5 mA drifting beam
experiments
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FIG. 6. Pinhole current density measuremestlid line, filled boxes for
the scraped, 4.5 mA beam together with correspondimgn code predic-  FIG. 8. Typical dependence of measured normalized emittance versus lat-
tions (dashed line, open triangles tice period for a drifting 4.5 mA beam.
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0.07 emittance growth and variations, although the changken

E remains more or less constdtig. 9c)], as would be ex-

E 0.06] pected from conservation of energy arguments. The observed
£ (© emittance growth is believed to result from the excitation of
E o054 coherent beam modes, driven by the nonlinear forces and
3 0.04 amplitude modulated by the coherent oscillation of the beam
§ (b) centroid. Previous simulations of the drift of a misaligned,
-‘E‘ 0.03 1 space-charge dominated beam in a continuous electrostatic
I} e (@ focusing lattice with nonlinear focusing components also
S 0.02 showed emittance oscillations and growth.

= 0.011

g D. Variable o drift experiments

;’ 0'00_5 O 5 10 15 20 25 30 If the SHIFT-xy simulation results accurately predict

Lattice Period drifting beam behavior in MBE-4, then the overall behavior
results from specific initial conditions and transverse beam
FIG. 9. sHiFT-xy simulation of the variation of horizontal and vertical offsets. The obs_e_rved de_pendence of the e_mltt"fmce _a”q
(marked by the heavy dotemittance for 4.5 mA beams injected into the centroid upon initial conditions such as seen in Fig. 8 is, in
MBE-4 focusing lattice witha,=72 °. In case(@), the beam was injected effect, an aliasing problem arising from the sparse experi-
exactly on-axis, caseb) with an initial 3 mm offset in bottx andy, and  yantg| sampling raté.e., once per five lattice periogsAl-
case(c) also offset 3 mm, but with the initial emittance doubled. . . .
though we could not physically adjust tlespacing of the
diagnostic locations, we used the following technique to scan
the high-frequency behavior of the emittance and betatron
oscillations at our existing diagnostic locations. By adjusting
In order to gain possible insights into these emittancethe zero-current phase advance per eglinominally 729
variation phenomena, in parallel with the experimental effortvia variation of the voltage of the focusing quadrupoles, we
we conducted numerical modeling studies of the MBE-4 sysaltered the total accumulated phase advance between injec-
tem using a modified version of the electrostatic, 2-Dtion and a fixed measurement location. This can be consid-
particle-in-cell codesHIFT-xy.2° The code follows a single, ered equivalent to changing the total number of periods tra-
transverse beam slice beginning at injection just before thgersed by a beam at givénomina) unit-cell phase advance.
matching section between the diode and the linac. As inpufThe operating range i, was limited at the high end by
we used measured values of the MBE-4 beam current, efbeam envelope instabilitfo,;=85° and at the low end by
ergy, rms emittance, and beam envelope parameters. Tliee beam envelope exceeding the useful quadrupole aperture
quadrupole focusing fields are treated as a thick lens witliop<55°).
sharp edges ia. The code also includes the syncopated lat-  Using this technique, we quickly established that the be-
tice structure. Via a capacity-matrix method, the transverseéatron motion of the beam centroid had two primary constitu-
electric field solution includes the effects of image chargeents by LP25. The first, with an oscillation amplitude of
on the quadrupole rodéut not those on the flat aperture =1.7 mm, appeared to originate near the entrance to the
plates. The field solution also presumes periodic boundarylinac. This amplitude is consistent with random quadrupole
conditions in both transverse planes. The LBNL version ofoffsets of~150 um, the alignment specification of MBE-4.
the code includes gap acceleration and inclusion of the octuFhe second and dominant constituent, which ledttb5 mm
pole and dodecapole components of the external focusingmplitude oscillation, apparently originated at LP11 or LP12
fields [but not fringe fields such as the “pseudo-octupole” in accelerator section C. We determined this location by
component=r3 cos ) arising from the second derivative ~ measuring the phase variation of the beam centroid with
of the quadrupole field strendthTo minimize numerical and making a comparison with numerical simulation. Exam-
noise, we employed-64 K macroparticles on a uniform 128 ining Fig. 10, we see that both the amplitude of the measured
X128 or 256<256 Cartesian grid. emittance variations witloy at LP25 and their oscillation
The results of the simulations can be summarized as folfrequency appear to be in good quantitative agreement with
lows: (i) in the absence of nonlinear fields, both off- andthe SHIFT-xY results, as shown in Fig. 9. In both the experi-
on-axis 4.5 mA beams propagate through the linac with nenent and simulation runs, the initial beam envelope param-
growth in the emittance, as expectéil) in the presence of eters at LPO were adjusted to produce a matchofpr70°.
nonlinear fields(such as those caused by image charges on The kick at LP11/12 was first thought to originate from
the quadrupole rods or dodecapole focusing compojentsan electrical problem such as might develop from an unpow-
on-axis beams show essentially no emittance groWig. ered quadrupole electrode or breakdown. However, after a
9(a)], whereas off-axis beams show continuous variations iiTmonth-long search failed to confirm this or the alternative
emittance on top of a secular growth as the beam drift@xplanation of a serious mechanical misalignment in section
through the linadFig. Ab)]; (iii) details of the emittance C, we decided to alleviate the problem by physically ex-
variations depend greatly on the magnitude and direction ofhanging sections F and C and rotating the latter by 90° in
the beam displacement from the linac aXis) offset beams order to proceed with our mainline experiments. After mov-
with initially higher emittances suffer proportionally less ing section C, it could not be determined if there was a

C. Numerical modeling results
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TABLE |. Emittance(e) and beam radiusa) measurements for drift com-
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Having reduced the beam centroid motion and corre-
sponding transverse emittance variations to an acceptably
FIG. 10. Variation withoy of the normalized emittance of a 4.5 mA beam |OW level, we began a new series of current amplification
measured at LP25. For comparison with Fig. 9, each 14° of phase advancegfudies. A particular concern was the dependence of trans-
e v o nlos o ey, o Y152 emitance growh, if any, upon he longituinal com
2hzﬁges of section F for C. The lines through the p’ointspare fro)r/ﬁ a simpl(l,\)reSSIon rate. Previous 2-D SImUIatIO_n studles with the_
spline fit. SHIFT-XY code suggested that compression can induce a mi-

nor radial profile(and nonlinear electrostatic enejghange,

which can drive a small, but nonzero emittance increase,
mechanical problem related to vacuum pumpdown. At theeven in an ideal, AG focused transport channel. In this sec-
time of this writing five years later, there is still no definitive tion, we first describe current amplification experiments on
understanding of the underlying problem with the original MBE-4 at essentially constant ener@ye., drift compression
section C. that is relevant to modeling the final focus section of a HIF

Following the exchange of linac sections C and F, wedriver). We next discuss the results of some detailed 3-D
used dipole steerers to control offset errors at injection, angarticle-in-cell simulations of these experiments. In Sec.
reduced the beam-centroid oscillation amplitude 4.2 IV C we present current amplification experiments made
mm. The accompanying emittance variations with at  with steady acceleratiofwhich is relevant to the main linac
LP25 then decreased to less thath5%. Because beam off- section of a HIF driver.

;ets in any one trgnsve_rse plang excite em_|tta|_1ce oscnlatlorE Drift compression experiments

in both planes, this residual emittance oscillation was prob-
ably due to uncorrected, small offsets in the vertical plane In the drift compression experiments, the amplitudes and
(which had one fewer dipole steerer than the horizontatimings of the pulsers in the first four accelerating gégesc-
plang. Returning the quadrupole focusing strength totion A) were adjusted empirically to put a nearly linear en-
0,=72°, we then measured tledependence of the emit- ergy tilt on the beam. No further acceleration fields were
tance of an on-axis, drifting beam. As shown in Fig. 11 theapplied downstream and the beam energy remained constant
emittance of a drifting 3.7 mA beaifa reduced current due apart from the work done against the longitudinal space-
to an aging sourdgemained constant in both planes and wascharge field. The electrostatic quadrupole voltages were set
much improved at LP30 as compared with the earlier meafor o,=72°. No attempt was made to keep the beam enve-
surement shown in Fig. 8. lope matched transversely as it compressed longitudinally.
The space-charge depressed tungas in the range 7°—10°.

Table | presents various measured quantities summariz-
ing the results of the different drift compression schedules. A

80
Undepressed Phase Advance (deg./cell)

g 0035 ' " ' " ' ' 53 new quantity, the “microscopic” emittance,, was defined

g 0.030} ] to be the phase space ar@®t necessarily contiguousc-

g - 32 cupied by the most intense 80% fraction of the beam current.

E 0025pe---memm .1 _ This quantity is readily extracted from the 2-D phase space

§ 0.020F <j!:__,.a- ---------- 31 E map produced by the emittance scanner. Moreo¥gris

£ F aee N 1 expected to be a more conserved quantity tgapin cases

S 0O01SF el X> A Jo & such as a simple “S” or “Z" phase space distortion. In

3 o.010f B 1 ° Table I, LR, is the lattice period at which maximum com-

% : 44 pression was measured.

g 0.0051 \.A; Our initial drift compression experiments employed a

Z 0.000f_, \ . . . . 32 relatively large, 12% linear energy tilt that resulted in a
0 5 10 15 20 25 30 nearly 5:1 current amplification by LP15 and 7.4:1 by LP20.

Lattice Period

Energy analyzer scar(see Fig. 12 show that the large ve-
locity tilt at LP5 has been strongly reduced by LP20. Al-

FIG. 11. Measured emittance and beam centroid positions versos a . . . .
drifting, 4.5 mA beam following the exchange of linac section F for though detailed inspection of the energy scan at LP20 hints

section C. at some increase in longitudinal energy dispersion near the
886
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FIG. 12. Current, normalized emittance, beam size, and energy analyzer measurements of the 7.4:1 drift-compressed 4.5 mA beam. The data at different
lattice points have been shifted in time relative to one another. The energy analyzer measurement at LP15, taken a couple of months before the data at LP5
and LP20, was plottee-10 kV downward to compensate for different injector conditions.

exact (temporal center of the pulse, there is no obvious
overtaking behaviofi.e., energy being a double-valued func-
tion of time). In the absence of strong overtaking, the coarse-
ness in the energy analyzer step sizé).25 kV), together

with the large velocity tilt and the empirical sensitivity to __
small shot-to-shot timing and energy jitter, makes it nearly 8
impossible to derive a quantitative measure of the mstantaw
neous energy spread. One should note that the “Z” reversaIE }
present near the beam tail in the LP20 energy versus t|me:-
plot in Fig. 12 is an unwanted feature. The desired result is a
simultaneous reversal of the compression for all longitudinal
portions of the current puldevhich would appear as a nearly
vertical E(t) dependende Achieving this result would re-
guire a very careful determination of the necessary accelera-
tion schedules and equivalent pulser wavefoffos a given
pulse shapewhich was not done in this nor the accompany-
ing drift compression experiments, with smaller energy tilt to
be described shortly.

Although emittance scans of the 7.4:1 compression>
schedule showed that the beam centroid remained within 1 . . ) . :
mm of the axis, the rms emittance tripled between LPOand 20 10 o 10 20
LP20. Moreover, the phase space data exhibited quite pro- X (mm)
nounced “butterfly” or “bowtie” shapes by LP15 and
LP20, as shown in Fig. 13. The beam size increased from g 13, widpulse phase space density contours measured at difterent
mm at LPO to at least 18 mitand perhaps somewhat larger locations for the central longitudinal slice of the 7.4:1 drift compression
because the emittance scans were limitect ) mm). This data. Via the exper_imental scanning procn_edure, t‘he‘ nominal _Iine:-}r correla-
large beam size implies that the outer portions of the bea ion (i.e., tilt) of x" with x was removed in this and similar following figures.

. . oo - he contour levels correspond to enclosure of 95%, 90%, 70%, 50%, and
encountered relatively strong nonlinear focusipgimarily 309 of the beam current.

O N b O

X-prime (mrad)

-prime (mrad)
X-prime (mrad)
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FIG. 14. Current, normalized emittance, beam size, and energy analyzer measurements of the 3.7:1 drift-compressed beam. As with Fig. 12, the data at
different lattice point locations have been shifted in time relative to one another.

the dodecapole componegrnd image charge forces associ- if a halo formed in velocity spagethe beam underwent a

ated with the quadrupole rods at 27.4 mm. The butterflysimple reversible shearing between LP15 and LP25. Inspec-

shapes in phase space, the somewhat hollow radial profile tion of phase space density contoysgee Fig. 1§ for the

configuration space at LP20, and the 3-D simulation studiesentral longitudinal slice support this hypothesis. By con-

to be discussed in Sec. IV C all support this conclusion. trast, the formation of “butterflies” or “bowties” in phase
Since the 12% energy tilt appeared to be too extreme, wepace(as was true in the 7.4:1 compression gasamost

experimented with less vigorous tilts that would result inlikely irreversible, this shape being indicative of particles

smaller compression factors and reduced maximum beam

sizes. Our most complete drift compression dataset involved

an initial head-to-tail energy tilt of 8.6% at LP5, which re-

sulted in a maximum current amplification of 3.7:1 at LP25.

Figure 14 shows current, emittance, beam size, and energy_ T T T T T T T

analyzer scans at the variomsdiagnostic locations. As be- & ¢ 050k

fore, there was no obvious longitudinal overtaking nor an € E

obvious increase of instantaneous energy spread greater thaE 0.040F

the sampling step size 6£0.3-0.7 kV. o
In Fig. 15 we plote(z) for various longitudinal slices of ¢ 0_030;

the beam pulse for this 3.7:1 compression schedule. TheE E

slices are labeled by their charge-weighted positions in the: 0'0203 Rel. Pos. Max. Comp. _

T

nce

beam with the presumption that no longitudinal overtaking @ —— 010 1.06

has occurred. Two observations are of ndte:Slices with 5 . F 7777 oz 2 E
little compressior(l/1,<2.7) suffered little emittance growth g I 075 2.73 E
and those in free expansion near the head and tail appear t& g goof . , . . ) 099 , 1'37, . ) L]
have “cooled” with increasingz. (ii) Midpulse slices with 0 5 10 15 20 25 30
significant emittance growth by LP25 showed little growth at Lattice Period

earlier positions irzg where the compression factor was.0.
Moreover, by LP30 their emittance returned close to the iniFIG. 15. Normalized emittance measurements for various longitudinal slices

; ; ; :in the 3.7:1 drift compression data. The first number refers to the charge-
tial value at LPO. This and the fact that the mlcro‘Q’COplcweighted position in the beatte., head=-0, midpulse=0.5, tai=1) while

emittanc_e never incr_ea_SEd significantly suggest that rathke second refers to the maximum compression measured for a given longi-
than an irreversible dilution of phase spdas would be true tudinal slice.
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ments:l,=5 mA, V=180 kV, ,=0.026 = mm mrad,a=7.5
mm, a’'=21 mrad, wherea anda’ are “edge” values mea-
sured at the center of a long drift section. The simulation
adopted a “semi-Gaussiantuniform in x-y space, Gaussian
in velocity spacgtransverse phase space distribution. In or-
der to load the beam in equilibrium and to prevent unphysi-
cal longitudinal and transverse distortion arising from the
; ) . ) ) . axial electric fields and energy variations associated with the
20 20 -10 0 10 20 (0,—2V,) asymmetric quadrupole focusing voltagésee
Sec. Il D, we injected the beam from a plane in the center of
L LP15 ' 1 a long drift section. The number of macroparticles injected in
each of the beam ends was varied in time to maintain a
e ] parabolic falloff in\. No effort was made to adjust the beam
] envelope parameters at the ends; i.e., the sanae, ande,
=) ] used in the center were also used in the lower line charge
-4t ‘ : density ends. In order to determine the major contributions to
" {1 -6} 1 the emittance growth, we did a systematic series of runs
20 a0 o0 o 20 20 0 o 10 T2 beginning with the “simplest” physical modéideal, exter-
X (mm) X (mm) nally produced, sharp-edged quadrupole focusing without
" ~TPos y y g fringe fields, higher-order, nonlinear fields or image
] charges We then added effects one by one until finally the
most “complex” effects were includetactual, 3-D quadru-
pole rod geometry with full image charge and fringe fields,
etc) All of the simulation runs discussed here injected the
beams in the same manner—with the envelope parameters
chosen to provide equilibrium with ideal focusing fields.

The “simplest” simulation run, where the focusing was
perfectly linear, resulted in less than 15% emittance growth
for the most extreme initial velocity tilt. The square-shaped,
conducting walls were placed 60 mm from the beam center,
FIG. 16. Phase_spé‘lce de_nsity contours me_asured at diffzeteoations fpr ‘ far enough away that image charge forces would be exceed-
T ool et xS Sl wealk. This small emitiance ncrease was most likely a
the beam current. numerical artifact associated with the limited number of

macroparticles(~=3x10° employed. Adding perturbations

such as an envelope mismatch led to emittance growth of
originally at larger radii overtaking thos@ransversely at ~ 50% or less, which was nearly independent of the compres-
small radii. sion rate. This result disagrees with the experimental obser-

Our mildest drift compression schedule resulted in 1.5:1vations summarized in Table I, so we do not believe mis-
compression ratios by LP20. Although this schedule wagnatch difficulties underlay the experimental emittance
sparsely diagnosed, there was no evidence of significarifowth. Simulations begun with initially hollow beams
emittance growth or other anomalous behavior. and/or velocity ripples i, (as would be caused by accel-
erating gap pulser errogrshowed similarly small emittance
growth factors.

We then added an external dodecapole component to the
focusing field whose amplitude at the position of the MBE-4

Following completion of the drift compression experi- quadrupolesr =27 mm) was 3.5% of the quadrupole field,
ments, we were interested if numerical simulation could red.e. the value corresponding to the actual MBE-4 quadrupole
produce the results and pinpoint the underlying c@asef  array structure(see Sec. Il D For the most aggressively
the emittance growth in the 7.4:1 compression schedule. Inompressed beam, the maximum emittance increase was still
as much as the compression process inherently involves “3anly ~50% and the phase space “snapshots,” although dis-
D” phenomena, we used th&ArP3D codé? for simulation  torted, did not resemble the “butterfly” shapes of Fig. 13.
studies(as opposed to using a 2-D code suchsasT-XY). A series of simulation runs with the conducting walls
WARP3D uses the PIC formulation together with a 3-D, Car-brought intor =27 mm led to~3X emittance growth. Part
tesian coordinate electrostatic field solver. A detailed explaef the increase stemmed from the lower values of the so-
nation of the code physics and assumptions may be found icalled “g” factor (see the Appendjxand resultant longitu-
Ref. 22, which also contains a more extensive writeup of thalinal electric fields that consequently increased the maxi-
MBE-4 simulation results summarized here. mum compression obtained for a given initial velocity tilt. A

For thewaARP3D simulations we used beam parametersmore important influence was the image charges, which in
that were typical of the MBE-4 drift compression experi- this simulation lie much closer to the beam centehen

LPo FLPs

X-prime (mrad)
X-prime (mrad)

X-prime (mrad)
X-prime (mrad)

X-prime (mrad)
X-prime (mrad)

20 -10 0 10 20 -20 -10 0 10 20
X (mm) X (mm)

B. wARP3D code modeling of drift compression
experiments
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X (mm) gressively compressed beam.

FIG. 17. Midpulse phase space distribution at maximum compression in a

WARP3D simulation of a beam propagating in a square pipe 54 mm on a side. in th | d h .
This particular simulation included image charges forces, but not those fron'lncre.ase. in the avera_ge value gfan E,, the maximum
the dodecapole focusing components. longitudinal compression dropped from 6.6 to 8.@nd the

net emittance growth te=2xX. When an external dodecapole

. . component was added, the net emittance gain decreased to
averaged over a lattice peripthan is true for the actual |ags than 25%, confirming earlier 2-D simulation resdlts

MBE-4 quadrupoles. The image charge fields, together withy 5 gdodecapole of the proper magnitude and sign could
the larger beam_ size=19 mm at maximum compression, strongly reduce the emittance growth due to image charges.
produced sufficiently large nonlinear forces that & pro-  o,¢ final most complete simulation set the internal
nounced “Z” appeared irx—x’ phase space, together with ¢, 4rynole conductors to the actual focusing poteri@al
large emittance growth at the pulse ceniféig. 17). Adding —2V,) together with the proper interdigital structure. The
the dodecapole changed the details of the emittance evolyg,|q soution then self-consistently produces the correct mul-
t|_on and phase space distribution but not the ove_rall gro_Wﬂfipole fields, fringing field, image charges, and beam energy
(in general, image charge forces produce “Z"-ing while effects This accuracy comes at a price, however: the re-
higher-order nonlujear focusing terms such as the dodecq]-uired computation time increased by a factor gbcause
pole produce “S™-ing in transverse phase space of the use of an successive over-relaxati®®R) field solver

We then moved the conducting walls back tq 60 mm andas compared with one based on fast Fourier transfpbtms
added correctly shaped quadrupole rods to the interior. Elecﬁearly two hours on a CRAY C-90. The results showed that
trically, the rods were held at ground potential in the simu-o maximum compression increased to>7.@ig. 18 and
lation (the fO(_:using remained t_hat of an externally applied,iha maximum beam radius increased to beyond 27 mm, the
hard-edged, ideal quadrupole figldhus, the rods’ only dy- ¢, ;adrupole aperture, although only a few macroparticles
namical effects upon the beam particles arise from the ingee |ost in the simulation. The peak emittance growth was
duced image charge. As expected from the correspondm@lrger than X (Fig. 19, although this growth persisted for

only a short interval of transport distance. Most pleasingly,
the phase space plots near midpulse in bottx’ andy—y’

0.08 T - - y y T y show the development of “bowties(see Fig. 2D Diagnos-
I ] tic investigations involving correlation of configuration
space positions with phase space positions indicate that the
bowtie appearance arises from the strong dodecapole fields
felt by macroparticles near the beam edge at maximum com-
pression. Thus, it appears that the emittance growth cancel-
lation effect between the image charge forces and the dode-
capole component breaks down at large radius. Another
emittance growth contribution may have been provided by
the “pseudo-octupole” fringe field associated with the sec-
i ] ond z derivative of the quadrupole field produced by the
0.00 L ' L L L L L finite length rods.

In recapitulation, then, our simulation results indicate
that both image charge forces from a square conducting wall
FIG. 18. warp3p predictions for the midpulse, line charge density history of at +27 mm and/or dodecapole forces could cause relatively

an aggressively compressed beam including the full interdigital quadrupol@igniﬁcanlt' emittance growtte3X) for beams whose .maXi‘
structure and field solution. mum radii approached 19 mm. However, the resulting “Z”

Line Charge Density (uC/m)

Time (us)

890 Phys. Plasmas, Vol. 4, No. 3, March 1997 Fawley et al.



be simultaneously accelerated and compressed in MBE-4
without anomalous degradation of the normalized transverse
emittance as long as the compression was suitably “adia-
batic.”

In order to determine the proper schedule for a given
compression, we used the following procedure. Powering
each accelerator gap are several pulsers, whose timing and
amplitude can be adjusted freely but whose waveforms are
essentially fixed and measured at a resistive divider. A set of
trial amplitudes and trigger timings, together with the mea-
sured beam current and energy profiles, are fed into a one-
dimensional longitudinal dynamics cod&,IDE (see the Ap-
pendiX. SLIDE then computes the predicted evolution of the
time-dependent beam velocity and current as a functian of
including the longitudinal space-charge forces. After a series
of iterations on the pulser amplitudes and timings, an “opti-
mized” acceleration schedule is then dialed into MBE-4 it-
self. In general, we sought schedules that would lead to a
steady and controlled compression without particle overtak-

ing and balance the longitudinal space fields present at the
FIG. 20. Thex—x' phase space snapshots along the beam near maximurpearr_' head and tail regions that otherwise would cause ex-
compression in thevarpap simulation of Figs. 18 and 19. Each snapshot pansion.
spans=27 mm inx and =5 mrad inx'. We obtained extensive experimental datasets on two par-
ticular acceleration schedules. The first, nicknamed “mild,”
e _ B involved a general increase in beam energy from 180 kV at
or “S” shapes in phase space do not resemble the “butter; pg 15 260 kv at LP15, together with an 8% head-to-tail

flies™ in the MBE-4 experiment. If the wall is replaced by operqy tilt. The next two accelerator sections after LP15 pro-

conduct_ing rods held at _ground potential, the emittancq/ided an additionak-200 kV energy gain with no further
growth is reduced te=2X without dodecapole forces and to energy tilt. The final acceleration section, “F,” added an-

less .thtan tlf'.zfj W'tlh t.thes.e forc:?s.d Odnly wr::ar:j a fu'é’ self- other 60 kV but, because of faulty and irreproducible behav-
constlsbetn 1€ .SOLlj |tc?n IS adpp 'ed do Wf . ml 3.00 ba?hr?re]'ior of its principal accelerating pulser, emittance data taken
ment between simulation and experiment, including bo €t LP30 was not usable.

bowtie/butterfly distortion in phase space and the overall in- The second schedule. nicknamed “entle.” had a simi-
crease in transverse emittance. In this last case, the bee\m o g ’

: ar average acceleration rate through LP20, but the head-to-
envelope at maximum extent approaches the edges of tf{g

. - I il energy tilt(and thus compression rateas increased to
quadrupole rods and it is not surprising that significant beanlzo/ Moreover. the net voltage aain produced by the last
guality degradation occurs. 0. , ge g p y

two accelerator sections increased to 205 kV from 145 kV.
Apart from the overall energy gain, the major difference be-
C. Accelerated beam current amplification tween the two schedules is that the “gentle” schedule
experiments steadily compressed the pulse in time leading to a net current
Following the drift compression experiments, we thenamplification factor of~3.2 by LP30 while the "mild”
began a series of current amplification experiments that inschedule produced a nearly constant pulse width beyond
clude acceleration beyond LP5. We sought acceleratiohP10.
schedules that would produce a far less extreme current am- In order to maintain a reasonably well-matched beam in
plification than either the 9:1 schedules of Meethal? or  the transverse plane during acceleration, we scaled the
the most vigorous drift compression schedule discussed istrengths of the quadrupole focusing voltageg, propor-
the previous section. Our goal was to show that beams coultonal to the beam line-charge density, MgecA «1/v, where

TABLE Il. Beam parameters versusfor the “mild” accelerated beam compression schedule.

z I (mA) Ty (uS) (V) (kV) €ms (MM mrad €, (mm mrad 2ams (MM)
LPO 4.53 2.30 179 54 0.035 9.1
LP5 4.61 2.30 179 5.6 0.039 9.0
LP10 4.96 2.15 246 4.3 0.036 8.8
LP15 5.41 2.00 262 45 0.038 10.1
LP20 5.62 1.86 346 3.9 0.038 10.8
LP25 5.42 2.01 430 3.7 0.040 10.0
LP30 5.96 2.02 493
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TABLE Ill. Beam parameters versusfor the “gentle” accelerated beam compression schedule.

z I (mA) Ty (19) (V) (kV) €&ms (MM mrad €, (mm mrad 2a,,s (MmM)
LPO 4.44 2.30 180 5.3 0.037 9.1
LP5 4.74 2.14 187 4.8 0.034 10.0
LP10 5.52 1.86 248 4.4 0.037 9.9
LP15 6.77 153 261 4.2 0.036 8.2
LP20 8.50 1.25 356 3.8 0.037 8.3
LP25 10.60 0.91 466 3.2 0.036 6.0
LP30 13.91 0.70 560 .

| andv are the beam current and longitudinal velocity, re-ments at the diagnostic locations, as shown in Figs. 21 and
spectively. Ideally, to keep the matched beam radius con22. This agreement implies high accuracy in both the longi-
stant,V, should scale aa'%. The beam currents and ve- tudinal field solution ofLIDE and the pulser waveform mea-
locities used in calculating the required voltages weresurements. The only important discrepancy appears at LP25
determined fromsLIDE results. Since electrical breakdown for the “gentle” schedule wheresLIDE predicts a “precur-
limits the maximum obtainabl¥, on MBE-4, such scaling sor” spike, whereas the Faraday cup measurements indicate
was not possible in the early Meutst al. experimentg,  that this spike has apparently disappeared between LP20 and
where\ was increased by a factor 6f4.5. The maximum LP25. For the “mild” schedule(Fig. 21), the precursor re-
beam radius for the “mild” and "“gentle” acceleration mains quite strong in both the experimental data and the
schedules remaineg11 mm, small enough that the effects SLIDE predictions at LP25 and LP30. This precursor steadily
of the external, nonlinear focusing forces should be unimporgrows from LPO onward and originates in the time-
tant. dependent voltage and impedance of the MBE-4 diode. In an
Tables Il and Ill summarize the beam measurementsctual heavy-ion IFE driver, it will be important to minimize
made with these two schedules. Encouragingly, the normabr eliminate such phenomena.
ized emittance stayed constant to withit10%, even though SLIDE also predicts the time-dependent beam energy at
the current more than doubled and the line charge densitgach diagnostic location. For the “mild” schedule, we took
grew by a factor of=1.6 by LP25 for the “gentle” schedule. data from the small energy analyzer at LP20 and the large
These results are much improved when compared with thenergy analyzer at LP30. In Fig. 21 we p\ft) as predicted
earlier, more aggressive current amplification experiments dby SLIDE together with measurements at LP15, LP20, and
Meuth et al,? which employed beams of initially higher cur- LP30. We made the LP15 measurement by turning off the
rents but lower initial brightness. pulsers beyond LP15 and letting the beam drift to LP20,
We are also pleased by the excellent agreement betweavhere the small energy analyzer was located. The change in
the sLIDE predictions forl (t) and the Faraday cup measure- beam energy due to longitudinal space-charge fields acting
between LP15 and LP20 should be sna4 kV) over the
main body of the pulse. Due to the lack of absolute energy
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FIG. 21. Experimental measuremer{slid lineg and sLIDE predictions

(open boxesfor beam current and energy plotted versus time for a MBE-4 FIG. 22. The same as Fig. 21, but for the “gentle” acceleration schedule.
beam accelerated with the “mild” acceleration schedule. The curves havéNo usable experimental energy measurements were available for this accel-
been shifted in time relative to one another. eration schedule.
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calibration at LP30, we scaled the experimental energy datattention(e.g., see Refs. 17, 2AWhile in theory, a uniform

at this location to obtain a best fit in Fig. 21. At LP15 and beam in linear external focusing can be mismatched and dis-
LP20 the predictions and data are in good overall agreemenplaced transversely without suffering emittance growth,
save for the first 0.5us of the LP15 data being about 10 kV space-charge dominated beams from imperfect injector op-
too high. Unfortunately, due to time constraints, energy anatics transported in actual focusing lattices are virtually cer-
lyzer measurements for the “gentle” schedule were maddain to encounter nonzero, nonlinear transverse force compo-
only at LP30 and suffered from the aforementioned problemsents that will thermalize mismatch and displacement energy
with accelerating pulsers in section F. For the current, thénto emittance.

predictions and data are again in good overall agreement Our new experimental results indicate that reasonable

(Fig. 22. current amplification factors 6£3:1 or less for both drifting
(Sec. IV A) and acceleratetBec. IV Q beams are accompa-
V. DISCUSSION AND CONCLUSIONS nied by little or no transverse normalized emittance growth

As stressed in the Introduction, heavy-ion fusion driver’®" Sffcc)e:rllarge dc_)mlnate:[d beamstwgh ktune. det;%ressmns
accelerators are special in their need for smooth and co 7/o~10. A key requirement appears to be keeping the com-
pressed beam size sufficiently small that the effects of focus-

trolled beam current amplification without an accompanying . . ;
large degradation of beam quality in either the transverse of'9 'nonlmearltles(e.g., dodecapole comppnehtwnl be .

longitudinal planes. Consequently, we felt it important tomm'mal' One should a_llso note the normallz_ed compression
understand and eliminate the causes of the transverse emrif’lte' (4 dr/Adz)/ay, in these MBE-4 experiments ranged

tance growth found in the current amplification experimentsulo to 0.05, which is an order of magnitude greater than that

performed during the first few years of MBE-4 operation.enViSioned in most HIF driver scenarios. Thus, the apparent

We believe that we succeeded in this endeavor, even thougﬁpsence of emittgnce growth due to nonadiabatic, longitudi-
this meant using a multiple-beam accelerator in the “single- al compression is encouraging. However, the MBE-4 accel-

" erator is also several orders of magnitude shorter than an
beam” mode. tual driver in both real and lized lengfir, dz/2L
To summarize our findings, it appears that the followingac ual driver in both real and normalized lengfhr )

elements were responsible for the emittance degradation iworegver, some drlvgr scenarios may |.nvolve ba"'S“q com-
the early MBE-4 experiments. pression rates immediately before the final focus section that

approach or even exceed normalized rates of 0.05.

(1) Diode aberrations and mismatch difficulties that were  Consequently, the operational shutdown of MBE-4
pronounced for the largé.e., 10 mA currents used led |eaves us with guarded optimism that careful attention to
to beam hollowing and consequent nonlinear spaceproper matching and centering at injection, alignment of the
charge forces downstream. As indicated in Sec. Ill A, wetransport lattice, and determination of the optimal accelera-
alleviated these problems by deploying a currenttion and drift compression schedules in the main linac and
“scraper” to reduce the transmitted current from the di- final focus sections, respectively, will preserve adequate
ode to 5 mA or less, and by working diligently both to beam quality at the final target in a HIF driver. We are also
obtain a good match to the accelerator focusing latticdeft, however, with a desire for experiments at a scale far
and to minimize beam offsets. closer to real drivers so that this optimism can be replaced

(2) An apparent misalignment problem in accelerator secwith a feeling closer to certainty.
tion C initiated additional transverse emittance growth
via phase-mixed damping of the consequent transversgcxNOWLEDGMENTS
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which became even larger during strong longitudinal

compression, resulted in a strong interaction with andAPPENDIX: SLIDE NUMERICAL CODE

emittance degradation due to the nonlinear dodecapole
and fringe fields components associated with the MBE—4a
quadrupole rod assembly.

SLIDE is a one-dimensional particle-in-cell code that ex-
mines the longitudinal dynamics of nonrelativistic, space-
charge dominated beams transported under the influence of

These experiments reinforce the necessity of propelongitudinal space-charge self-forces and external, (ieal
matching for emittance preservation of intense beams. Thiperfec} accelerating waveformsLIDE's macropatrticle for-
is certainly not a new idea and has received much theoreticahulation allows both particle overtaking and the resultant

Phys. Plasmas, Vol. 4, No. 3, March 1997 Fawley et al. 893



longitudinal emittance degradatigwhich was a major limi-  T. J. Fessenden, D. Keefe, C. Kim, H. Meuth, and A. WarwRigceed-
tation of its predecessor, th®IiD code, whose physics was ings of the 1987 IEEE Particle Accelerator Conferenééashington, DC,
described in Ref. © and the injection of beams with an 1987, IEEE 87 CH2387-%Institute of Electrical and Electronics Engi-
initial longitudinal velocity spread. neers, New York, 1987 p. 898. _

. . . . - H. Meuth, T. J. Fessenden, D. Keefe, and A. I. Warwick, Nucl. Instrum.

Basic assumptions isLIDE include accelerating modules
ith infinitesi | idth d th | . . Methods Phys. Res. 278 153(1989.

with infinitesimal gap widths and the electrostatic approXi- s 1 avery, c. s. Chavis, T. J. Fessenden, D. E. Gough, T. F. Henderson,
mation for self-fields. The longitudinal space-charge fI§|d IS D. Keefe, J. R. Meneghetti, C. D. Pike, D. L. Vanecek, and A. I. Warwick,
calculated by the well-known long-wavelength approxima- IEEE Trans. Nucl. SciNS-32 3187(1985.

tion, 4A. I. Warwick, |IEEE Trans. Nucl. SciNS-32 1809(1985.
5W. B. Herrmannsfeldt, ihinear Accelerator and Beam Optics Cod@$P
= -9 d_7\’ where g~0.5+2 In 3 ‘ Conf. Proc. 177, edited by C. R. Eminhizémerican Institute of Physics,
dmeg dz a, New York, 1988, p. 45.

. . . ) , SN. C. Christofolis, R. E. Hester, W. A. S. Lamb, D. D. Reagan, W. A.
Hereb is the effective conducting wall radius ailag is the Sherwood, and R. E. Wright, Rev. Sci. Instruas, 886 (1964).

effective edge radius of the beam. From comparisons withva, I. warwick, D. Vanecek, and O. Fredriksson, IEEE Trans. Nucl. Sci.
energy and current profile measurements made on a drifting,NS-32 3196(1985.
5 mA beam, we adopted @nstant gfactor of 2.8 for the 8C. H. Kim, V. O. BraQy T. J. Fessenden, D. L. Judd, and L. J. Laslett,
sLIDE runs discussed in Sec. IV C. The uncertainty of this |EEE Trans. Nucl. SCiNS-32 3190(198S.
value is about-0.2. Forb~27 mm, the clear aperture of the G- H- Kim and L. Smith, Part. AcceBS5, 101 (1986.
MBE-4 electrostatic _ . - s C. Celata, in Ref. 1, p. 996.
guadrupoleg=2.8 implies a,~8.5 : I
. . . . —*V. Brady and A. Faltengprivate communication, 1988
:[]T)i WT:Ch Zglﬁees well with the measured values listed Nz g Dayton, C. Shoemaker, and R. F. Mozler, Rev. Sci. Insti26n485
apbles Il an . (1954).
We used the following procedure to determine a new!3w. Berz, W. M. Fawley, and K. Hahn, Nucl. Instrum. Methods3a7, 1
acceleration “schedule:” First, we run a separate computer (1992.
code,INDEX, to derive ideal accelerating fields by applying ;M. J. Rhee and R. F. Schneider, Part. Acaé, 133 (1986.
the so-called “current self-replicating" SChel’ﬁeLNDEX, 1. M Ke|1pch|r}sky and V. V ;]/Iadlmlrsku,Prolceedlngs of the 2nd Inter?
however, neglects longitudinal space-charge forces. FromMatonal Conference on High Energy Accelerators and Instrumentation
R . Geneva, 1959, edited by L. KowarsiCERN Scientific Information Ser-
this set of accelerating voltage wavefornsg/DE then fol- vice, Geneva, 1939p. 274
lows the evolution of the longitudinal particle distribution, 155 p ganford The Transport of Charged Particle BeartS&F Spon
now including the influence of longitudinal space-charge London, 1968, p. 84 ft.
forces. If there are unwanted effects such as particle overtakZe. p. Lee, S. S. Yu, and W. A. Barletta, Nucl. Fusizih 961 (1981).
ing, INDEX can be run again seeking aless Vigorous Compresl.sT. P. Wangler, K. R. Crandall, R. S. Mills, and M. Reiser, IEEE Trans.
sion schedule. More general accelerating schedules as we|Nucl- Sci-NS-32 2196(1985.
as the effects of imperfections of the synthesized voltagg, - Hofmann and J. Struckmeir, Part. Acc@l, 69 (1987 _
. . . |. Haber, inHigh Current, High Brightness, High Duty Factor lon Injec-
waveforms on the longitudinal dynamics can also be ana- ; GO )
. . . tors, AIP Conf. Proc. 139, edited by G. H. Gillesdi@merican Institute of
lyzed by sLIDE. One convenient feature is that at any time Physics, New York, 1986 p. 107.
step, the_code can be put into “reverse” and run_backwgrd iMA Friedman, D. P. Grote, D. A. Callahan, A. B. Langdon, and I. Haber,
time. This permits the user to back up and interactively part. Accel.37-38, 131(1992.
change parameters, e.g. the peak voltage of a particul&fD. P. Grote, Ph.D. thesis, University of California, Davis, 1994. Reprinted
waveform. as National Technical Service Document No. DE960003%8ee Dimen-
SLIDE has been used extensively at LBNL to determine Sionl‘?" Sim”'at‘OTS of ?T:ac? Chérge ;’_Omi”ate" ':',ea"y lon se?‘ms I""ith
. . tions to Inertial usion energyLawrence Livermore ational
appropriate accelerating schedules as well as to analyze théPP'¢®
| PP it pd' I d . gf . b for both tual y . Laboratory, Livermore, CA, UCRL-LR-119383Copies may be ordered
ongitudinal dynamics o |or1 ea}ms _Or oth actua eXper,I- from the National Technical Information Service, Springfield, VA 22161.
mer_1ts, such as those de_scr'bEd n th'_s paper, and for deta”eq'. Garvey, S. Eylon, T. J. Fessenden, and E. Henestroza, Part. Accel.
design of the accelerating cell requirements of future HIF 37_3g 241(1992.

accelerators. 24M. Reiser, J. Appl. Phys70, 1919(1992).

894 Phys. Plasmas, Vol. 4, No. 3, March 1997 Fawley et al.



